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1

HIGH RESOLUTION INTEGRATED X-RAY
CMOS IMAGE SENSOR

FIELD OF THE INVENTION

The present invention relates to digital X-ray image sen-
sors. More specifically, the present invention is related to a

method and structure for integrating scintillating material and
a waveguide structure on a semiconductor 1mage sensor.

RELATED ART

Digital X-ray imaging devices are rapidly replacing pho-
tographic film-based X-ray imaging devices in medical appli-
cations (e.g., dental applications and mammography). In
addition to the inherent advantages associated with digital
imaging, digital X-ray imaging devices have the added ben-
efit of being able to reduce the radiation dose received by the
patient. Pulsed X-ray sources, along with X-ray dose adjust-
ment for obtaining the required signal-to-noise ratio in the
digital image, are employed to reduce the radiation dose.

Most digital X-ray imaging devices include an image sen-
sor, which includes a scintillating plate mounted above a
silicon-based charge coupled device (CCD) or diode array.
The scintillating plate contains a scintillating material, which
1s required because devices that use silicon to directly gener-
ate photoelectrons 1n response X-rays have a low sensitivity,
due to low X-ray absorption in silicon. The scintillating mate-
rial has a higher absorption coellicient than silicon, and gen-
crates a large number of secondary optical photons in
response to absorbing one X-ray photon. Cesium 1odide
doped with thallium CsI(T1), which exhibits a narrow lumi-
nescent band centered at a wavelength of about 550 nanom-
eters (nm), 1s a commonly used scintillating material.

The thickness of the scintillating material 1s usually about
50-200 microns (um). There 1s a trade oif between the thick-
ness of the scintillating material and the resolution of the
resulting digital image. The secondary photons are emitted in
an 1sotropic manner within the scintillating material, such that
the lateral resolution of the resulting digital image becomes
lower (poorer) as the scintillating material 1s made thicker.
The lateral resolution 1s typically of the order of the scintil-
lator film thickness.

A film of scintillating material (e.g., Csl), has been depos-
ited over the entire active region of a detector panel, wherein
a shadow mask prevents the scintillating material from being
deposited on the nactive (peripheral) regions of the detector
panel. This process 1s described in more detail in U.S. Pat. No.
6,146,489 by Wirth. The lateral resolution provided by the
scintillating film 1s unacceptable for use with a standard
CMOS 1mage sensor, because of the relatively small pixel
associated with CMOS 1mage sensors.

To increase the lateral resolution, wave-guide structures
have been created, thereby helping to concentrate secondary
photons emitted within the scintillating material. A structure
that includes both scintillating material and wave-guide struc-
tures 1s heremafter referred to as a scintillating wave-guide
structure.

One conventional scintillating wave-guide structure
includes a plurality regularly spaced columns (i.e., needles)
of CsI crystals formed on a graphite block. The Csl columns
(needles) confine the generated secondary optical photons
due to the total internal retlection at the interface between the
Csl needles and the surrounding air. However, Csl 1s highly
hygroscopic, thereby requiring that the CsI needles be capped
by a passivation layer to avoid moisture absorption. More-
over, Csl needles 1n close proximity may experience random
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2

cross talk. Finally, this specialized scintillating structure 1s a
discrete structure that must be fixed to a separate 1mage sensor
using mechanical means. A scintillating wave-guide structure

that implements Csl needles 1s described 1n more detail in
U.S. Pat. No. 6,429,437 by Laugier.

In a similar scintillating wave-guide structure, columns of
scintillating material are separated by wave-guide structures
made of aluminum (wherein the scintillating material 1s
placed iside the aluminum deposited onto the front side of
the water with preliminary formed photodiodes). Such a scin-

tillating structure 1s described 1n more detail by Rocha et al.,
“Sensors and Actuators A”, Vol. 110, pp. 119-123 (2004).

Yet another conventional scintillating wave-guide struc-
ture 1s formed by: etching openings in a silicon structure using,
clectrochemical or deep reactive 1on techniques, melting Csl
(T1), and then placing the melted CsI(T1) mto the etched
openings 1n the silicon structure. Such a scintillating structure
1s described 1n more detail by Badel et al., “Metallized and
Oxidized Silicon Macropore Arrays Filled With a Scintillator
for CCD-based X-ray Imaging Detectors”, Nuclear Science
Symposium 2003, IEEE proceedings, ISBN: 0-7803-8258-
7—IEEE Transactions on Nuclear Science vol. 51 (3) pp.
1001-1005 (2004).

Note that filling large cavities 1n a silicon structure with
melted scintillating material 1s not compatible with CMOS
back end processing, due to the high melting temperature of
Csl (621° C.).

Undesirably, the above-described scintillating wave-guide
structures of Laugier, Rocha et al. and Badel et al. are discrete
structures that must be attached to a separate CCD or CMOS
image sensor either directly or through a fiber optic connec-
tor. Attaching the scintillating wave-guide structure to the
image sensor 1s a complex and costly operation. In addition,
improper registration between the wave-guides and the asso-
ciated pixels of the 1image sensor can result 1n reduced per-
formance.

Furthermore, when using the above-described scintillating
structures, a compromise has to be made between optimal
wave guiding of optical photons and optimal X-ray absorp-
tion. This compromise 1s necessary because increasing the
thickness of the scintillating material above ~100 microns
usually does not increase the X-ray sensitivity when using the
above-described scintillating wave-guide structures.

Scintillating material has also been integrated into micro-
machined silicon cavities, wherein photodiodes (discrete
N+-P diodes, not elements of a CMOS 1mage sensor), are
located within the micro-machined cavities (1.e., N+ doped
walls of a trapezoidal cavity 1n P-type silicon). (Rocha, et al.,
“X-ray detector based on a bulk micromachined photodiode
combined with a scintillating crystal™, Journal of Microme-

chanics and Microengineering 13(4) S45-5S350 (2003); (also
Proc. MME"2002, (2002) pp. 323-326.)

However, the resulting image sensors have a low spatial
resolution, on the order of hundreds of micrometers due to the
specific shape of the micromachined cavities and low sensi-
tivity of the employed photodiodes. A clamping pressure
method 1s used to fill the opemings in the silicon with Csl
crystals, consisting of forcing the Csl into the openings 1n a
vacuum at room temperature with a pressure of 10 MPa.

It would therefore be desirable to have a scintillating wave-
guide structure that 1s integrated with a CMOS 1mage sensor,
thereby reducing the cost and increasing the reliability of the
resulting digital X-ray sensor. It would further be desirable
for such a scintillating wave-guide structure to facilitate the
fabrication of a high resolution and high sensitivity digital
X-ray sensor.
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SUMMARY

Accordingly, the present mmvention provides an X-ray
image sensor having scintillating material embedded nto
wave-guide structures fabricated in a CMOS 1mage sensor
(CIS). In a first embodiment, after the CIS has been fabri-
cated, openings (deep pores) are formed in the back side of the
CSI wafter. These deep pore openings terminate at a distance
of about 1 to 5 microns below the upper silicon surface of the
waler. The depth of these deep pores can be controlled by
stopping an etch on a buried insulating layer (1n a silicon-on-
insulator (SOI) structure), or by stopping an etch on an epi-
taxial silicon layer having a distinctive doping concentration.
The deep pores are aligned with corresponding photodiodes
of the CIS. In one embodiment, the deep pores have a shape
that narrows as approaching the photodiodes.

In a second embodiment, openings in the form of stacked
vias are formed in the multi-layer interconnect structure
located the front side of a CIS wafer. These stacked via
openings expose the CIS photodiodes fabricated on the front
side of the walfer.

A thin layer of a reflective matenial (e.g., S10, or a metal)
may be formed on the sidewalls of the deep pore openings of
the first embodiment or the stacked via openings of the second
embodiment, thereby improving the efficiency of the result-
ing waveguide structures.

Scintillating material (e.g., CsI(T1)) 1s introduced 1nto the
deep pore openings of the first embodiment or the stacked via
openings of the second embodiment using a ForceF111™ tech-
nology or by mechanical pressing. These methods of placing
the scintillating material 1n the openings can be performed at
low temperatures and provide for complete filling of the
openings.

The openings containing the scintillating material form
wave-guide structures, which increase the resolution of an
X-ray 1mage created by the CIS. Main advantages of the
present invention include low cost and high resolution.

The present invention will be more fully understood in
view ol the following description and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross sectional view of a conventional CMOS
image sensor, which 1s fabricated using a silicon on insulator
(SOI) structure.

FIGS. 2-10 are cross sectional views that illustrate process
steps for converting the CMOS 1mage sensor of FIG. 1 to an
X-ray 1mage sensor 1n accordance with one embodiment of
the present invention.

FIG. 11 1s a cross sectional view of a conventional CMOS
image sensor, which 1s fabricated on an epitaxial silicon layer.

FIGS. 12-15 are cross sectional views that 1llustrate pro-
cess steps for converting the CMOS 1mage sensor of FIG. 11
to an X-ray image sensor in accordance with one embodiment
ol the present 1nvention.

FI1G. 16 1s a cross sectional view of an X-ray image sensor
created by forming scintillating plugs through a multi-layer
interconnect structure on the front side of the CMOS 1mage
sensor of FIG. 2, in accordance with another embodiment of
the present invention.

FIGS. 17-20 are cross sectional views that 1llustrate pro-
cess steps for converting the CMOS 1mage sensor of FIG. 11
into an X-ray image sensor using a double bonding technique
in accordance with an alternate embodiment of the present
invention.
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4
DETAILED DESCRIPTION

CMOS mmage sensors are well suited for use 1n large-area
large-pixel applications, especially 1n the field of X-ray imag-
ing. Traditional limitations of CMOS image sensors (com-
pared with CCDs) include low fill-factor, low uniformaity,
poor noise and dark current performance, 1mage lag and the
necessity ol micro-lenses. However, these factors are not
critical in X-ray imager sensors. The traditional advantages of
CMOS mmage sensors (compared with CCDs) include the
ability to form large arrays and the ability to provide high
sensitivity for a relatively low cost. (Large CMOS 1mage
sensor arrays are typically fabricated using stitching technol-
ogy, wherein a die area greater than the field of exposure 1s
exposed by breaking the stepper field size limitation and
perfectly tiling intra-chip blocks.) The advantages associated
with CMOS 1mage sensors are important in the design of
X-ray 1image sensors. Thus, CMOS 1mage sensors are supe-
rior to other X-ray imaging solutions, such as CCD arrays and
amorphous silicon (a-S1) photodiode arrays.

In accordance with one embodiment of the present inven-
tion, scintillating material 1s integrated into a standard CMOS
image sensor, thereby creating an integrated X-ray imaging
sensor. The present invention can be applied to either the back
side or the front side of a CMOS 1mage sensor. The back side
embodiments are well suited for relatively large pixels (1.e.,
on the order of tens of microns), and can be used 1n large
CMOS 1mage sensors fabricated using a stitching technology.
The front side embodiments are suited for relatively small
pixels (1.e., on the order of 5-10 microns) and allow for
resolution corresponding to the pixel size of a CMOS 1mage
SEeNsor.

In accordance with one embodiment, openings are formed
in the back side or front side of the CMOS i1mage sensor,
wherein the openings correspond with pixels of the CMOS
image sensor. A scintillating material, such as CsI(11), 1s
evaporated or sputtered over the openings to a thickness of the
order of the opening depth (typically 4-6 microns from the
front side or hundreds of microns from the back side). A
ForceFill™ procedure or mechanical pressing 1s then per-
formed to force the scintillating material into the openings. A
ForceFill™ procedure can be performed, for example, by a
Trikon Sigma® xP™ machine. The various embodiments of
the present invention are described 1n more detail below.

FIG. 1 15 a cross sectional view of a conventional CMOS
image sensor (CIS) 100, which 1s fabricated using a silicon on
insulator (SOI) structure. CIS 100 1ncludes semiconductor
substrate 101, buried insulator layer 102, active silicon 1sland
layer 103, photodiode regions 110-119, alignment marker
M1 and multi-layer interconnect structure 120. In the
described embodiments, substrate 101 and silicon layer 103
are monocrystalline silicon, and buried 1nsulator layer 102 1s
s1licon oxide. Each of photodiodes 110-119 forms a part of a
corresponding CMOS pixel. Although only ten photodiodes
110-119 are1llustrated, 1t understood that a much larger array
of photodiodes are fabricated on the upper surface of silicon
layer 103. Alignment marker M1 (along with other alignment
markers that are not shown) 1s used to align the various masks
used to fabricate CIS 100. Interconnect structure 120 includes
the various dielectric and conductive (metal) layers used to
connect the various circuit elements of CIS 100. As described
in more detail below, CIS 100 1s modified in various manners
to implement integrated X-ray image sensors 1n accordance
with the present invention.
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FIGS. 2-10 are cross sectional views that 1llustrate process
steps for converting CMOS 1mage sensor 100 to an X-ray
image sensor in accordance with one embodiment of the
present invention.

As 1llustrated 1n FIG. 2, sealing tape 130 1s applied to the
upper surface of multi-layer interconnect structure 120,
thereby allowing CMOS 1mage sensor 100 to be held during,
a subsequent grinding step. The back side of the silicon wafer
(1.e., the bottom surface of substrate 101) 1s subjected to
grinding until the substrate 101 has a resulting thickness D1
of about 50 to 250 microns. This thickness D1 1s selected 1n
view of the trade-off between X-ray absorption in the scintil-
lating material subsequently deposited into openings in sub-
strate 101 (which increases as the thickness D1 increases),
and the propagation of visible light 1n the waveguides formed
in substrate 101 (which decreases as the thickness D1
increases). In a particular embodiment, the thickness D1 1s
controlled to be about 80 microns.

After the grinding step 1s completed, the waler 1s intro-
duced to a 6:1:1 mixture of HNO,:HF:acetic acid, thereby
providing stress relief for the resulting structure. Sealing tape
130 1s then removed, and the water 1s cleaned.

A layer of photoresist 1s then formed over the backside of
the water (1.e., the new bottom surface of the grinded sub-
strate 101). This photoresist layer 1s exposed through a reticle
and then developed, thereby creating the photoresist mask
135 illustrated 1n FIG. 3. The reticle 1s aligned with the front
side of the water using marker M1 (in combination with other
markers on the front side of the water). Infra-red (IR) radia-
tion passes through silicon and dielectric layer 102, thereby
ecnabling this alignment through the back side of the water.
Photoresist mask 135 includes a plurality of openings 140-
149, each aligned with a corresponding one of the photo-
diodes 110-109.

As 1llustrated in FIG. 4, a deep reactive 1on etch (RIE) 1s
performed through the openings 140-149 of photoresist mask
135, thereby forming waveguide openings 150-159 1n silicon
layer 101. This etch 1s stopped on buried dielectric layer 102.
The waveguide openings 150-159 are aligned with photo-
diodes 110-119, respectively. Waveguide openings 150-159
may exhibit a width W 1n the range about 10 to 150 microns.
This width W 1s therefore consistent with the widths of pho-
todiodes 110-119, which typically exhibit a width in the range
of about 10 to 150 microns. Although not specifically 1llus-
trated 1n FIG. 4 (for purposes of clanty), the spacing S
between waveguide openings 150-1359 1s much less than the
width W, such that a high X-ray radiation {fill factor 1s
achieved. In one embodiment, the width W 1s at leastabout 10
times greater than the spacing S.

As 1llustrated 1n FIG. 5, photoresist mask 135 1s stripped,
and a layer of reflective material 160 1s formed over the
sidewalls of openings 150-159. In one embodiment, reflective
material 160 1s silicon oxide (S10,) having a thickness of
about 0.05 to 0.2 microns. The silicon oxide forms the walls
ol an optical waveguide, which operates on the total reflection
principle with respect to subsequently deposited Csl scintil-
lating material. The total reflection critical angle 0 at the
s1licon oxide/Csl 1nterface 1s about 56° (s1in 0=n,/n, wherein
n,=1.46 (S10,) and n,=1.76 (Csl)). Thus, visible light (pho-
tons) approaching a silicon oxide/Csl interface at an angle
greater than 56° (measured from a line perpendicular to the
s1licon oxide/Csl 1nterface) will be reflected at the interface.
Conversely, visible light (photons) approaching a silicon
ox1de/Csl interface at an angle less than 56° (measured from
a line perpendicular to the silicon oxide/Csl interface) will be
transmitted through the interface. Note that the total retlection
principle applies at the interfaces between scintillating plugs
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180-189 and silicon oxide sidewalls 160, as well as the inter-
faces between scintillating plugs 180-189 and buried dielec-
tric layer 102. Photons traveling at an angle less than the total
reflection critical angle of about 56° (measured from the
perpendicular to the buried layer 102) pass through the buried
layer 102, but photons approaching buried layer 102 at a
glancing angle are retlected. Note that some of the visible
light that passes through the interfaces between scintillating
plugs 180-189 and the silicon oxide sidewalls 160 1s lost (1.¢.,
1s absorbed in the silicon located between openings 150-
159)).

In alternate embodiments retlective material 160 can be a
metal (e.g., aluminum or titanium nitride) formed by sputter-
ing/deposition. In these embodiments, an RIE step must be
performed to remove any metal located at the bottom of
openings 150-159 (1.e., located on buried insulating layer
102).

As 1llustrated in FIGS. 6-7, a scintillating material 1s intro-
duced to the backside of silicon layer 101 by evaporation,
sputtering or another method. In one embodiment, the scin-
tillating material 1s CsI('T1). In another embodiment, the scin-
tillating material includes nanocrystals of silicon with sizes of
20 to 30 Angstroms. In this embodiment, the voids between
the silicon nanocrystals serve as a scintillator. Such silicon
nanocrystals can be mtroduced by depositing a CVD oxide
with an excess of silicon. In another embodiment, the scintil-
lating material may be porous silicon. In any of these embodi-
ments, the scintillating material 1s introduced or formed at a
relatively low temperature (e.g., 250 to 450° C.). As a result,
the introduction of the scintillating material does not
adversely affect the previously fabricated circuitry of CMOS
image sensor 100.

A shown 1n FIG. 6, a thin scintillating layer 170 1s initially
deposited on the exposed surface of silicon layer 101, and a
thin scintillating layer 171 1s formed at the bottoms of open-
ings 150-159. As shown 1n FIG. 7, scintillating material con-
tinues to be deposited until scintillating layer 170 becomes a
continuous layer on the lower surface of silicon layer 101.
Note that bridging occurs to enable scintillating layer 170 to
become a continuous layer 170. The thickness T of continu-
ous scintillating layer 170 1s selected to be greater than the
width W of openings 150-159.

As 1llustrated 1n FIG. 8, the resulting structure 1s then
exposed to a high pressure on the order of about 5 to 50 MPa,
thereby forcing portions of the continuous scintillating layer
170 into openings 150-159, and forming a continuous scin-
tillating layer 172. Note that the thickness T of continuous
scintillating layer 170 1s selected to ensure that there 1s suili-
cient scintillating material to completely fill openings 150-
159.

In an alternate embodiment, mechanical pressing may be
used to force portions of the continuous scintillating layer 170
into opemings 150-159.

If openings 150-159 have been filled with CsI(T1), a bake
operation 1s performed at a temperature in the range of about
350-500° C. 1n order to improve the transmission of visible
light 1n this scintillating matenal.

As 1llustrated 1n FIG. 9, the back side of the water 1s then
subject to chemical mechanical polishing (CMP), thereby
forming scintillating plugs 180-189, removing materal resi-
dues, and planarizing the backside surface.

As 1llustrated 1 FIG. 10 a layer 190 of reflecting material
(such as aluminum, another reflecting metal, or a polymer) 1s
deposited on the back side surface. Reflecting layer 190
reflects visible light, but 1s transparent to X-rays. Thus,
reflecting layer 190 allows X-rays to reach the scintillating
plugs 180-189, but prevents the resulting visible light (pho-
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tons) from escaping. Thus, a high percentage of the secondary
optical photons generated within the scintillating plugs 180-
189 are advantageously directed toward photodiodes 110-
119.

In the foregoing manner, an X-ray image sensor 1s created
by integrating a scintillating material and wave-guides into a
conventional CMOS 1mage sensor.

In an alternative to the above described embodiments, the
SOI-based CMOS image structure 100 can be replaced with a
CMOS mmage sensor fabricated on a conventional epitaxial
silicon layer. FIG. 11 1s a cross sectional view of a conven-
tional CMOS 1mage sensor 200, which includes a P+ silicon
substrate 201, a P- epitaxial silicon layer 202, alignment
marker M2, photodiodes 210-219, and interconnect structure
220. In the described embodiments, P- epitaxial layer 202
has approximately the same thickness as silicon 1sland layer
103. In accordance with one embodiment, this thickness 1s on
the order of 1 to 5 microns.

FIGS. 12-15 are cross sectional views that 1llustrate pro-
cess steps for converting CMOS 1mage sensor 200 to an X-ray
image sensor in accordance with one embodiment of the
present invention. CMOS 1mage sensor 200 1s initially sub-
jected to the back side grinding and stress reliel steps
described above in connection with FIG. 2. As 1llustrated 1n
FIG. 12, a photoresist mask 235, which 1s similar to above-
described photoresist mask 133 (FIG. 3), 1s formed over the
bottom surface of P+ substrate 201. Photoresist mask 135
includes openings 240-249, which are aligned with photo-
diodes 210-219, respectively.

As 1llustrated 1n FIG. 13, a deep reactive 1on etch 1s per-
formed through photoresist mask 235, thereby starting open-
ings 250-259. This etch 1s stopped prior to reaching P- epi-
taxial layer 202. The deep reactive 1on etch allows relatively
deep openmings to be formed 1n a relatively short time period.

As 1llustrated in FIG. 14, the formation of openings 250-
2359 1s completed by a wet etch, which 1s performed through
photoresist mask 235. The wet etch 1s selected 1n a manner
well known to those of ordinary skill 1n the art to provide a
high etch selectivity between P+ and P- silicon. The wet etch
1s easily controlled to stop on P- epitaxial layer 202.

The portions of P- epitaxial layer exposed by the wet
ctching may be damaged by the etch. After the wet etch step
1s complete, the portions of P- epitaxial layer 202 exposed
through opemings 250-259 are treated 1n order to prevent the
subsequent recombination of photo-generated electrons and
holes within the damaged post-etch silicon. In one embodi-
ment, this treatment includes performing low temperature
thermal oxidation. In another embodiment, this treatment can
include performing an N+ implant into these silicon regions,
thereby creating an energetic potential barrier to the electrons
to prevent these electrons from escaping from the photodiode
junction. In yet another embodiment, the treatment may
include electrochemical anodic oxidation of the damaged
silicon regions, thereby creating a chemical 510, layer.

After openings 250-259 have been treated, processing pro-
ceeds 1n the same manner described above 1n connection with
FIGS. 5-10, thereby creating the X-ray 1mage sensor 1llus-
trated in F1G. 15. The X-ray image sensor of F1G. 15 includes
reflective layer 260, scintillating plugs 280-289, and reflec-
tive layer 290 (which are similar to reflective layer 160, scin-
tillating plugs 180-189 and reflective layer 190, respectively).

In accordance with another embodiment of the present
invention, openings can be formed on the top side (back end)
of CMOS mmage sensor 100 (or 200) by etching through
multi-layer interconnect structure 120 (or 220). These open-
ings can be formed through the passivation layer and the
back-end dielectric layers of the interconnect structure as
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described in commonly owned, co-pending U.S. patent appli-
cation Ser. No. 11/361,450 by Reznik et al., which 1s hereby
incorporated by reference 1n 1ts entirety. Each of these open-
Ings expose a corresponding photodiode formed on the upper
surface of the substrate. A layer of silicon oxide (510,) 1s
deposited on the sidewalls of the etched opemings, thereby
preventing the possible exposure of metal lines 1n the inter-
connect structure to the subsequently deposited scintillating
material. After the silicon oxide has been deposited, the open-
ings are filled with a scintillating material or silicon nanoc-
rystals i the manner described above.

As described 1 U.S. patent application Ser. No. 11/361,
450 by Reznik et al., the openings formed 1n the multi-layer
interconnect structure have a stacked wvia configuration.
Moreover, these openings may have cone-shaped cross sec-
tion that narrows as approaching the photodiodes, thereby

concentrating the X-ray generated photons and increasing the
{111 factor. Note that the openings 150-159 (FI1G. 4) and 250-
259 (FIG. 14) can also have cone-shaped cross sections 1n
alternate embodiments.

FIG. 16 1s a cross sectional view of an X-ray image sensor
created by forming scintillating plugs 380-389 through the
multi-layer interconnect structure 220 of CMOS 1mage sen-
sor 200. Silicon oxide sidewall material 360 functions as a
wave-guide wall structure, and prevents the scintillating
material from contacting metal present in the multi-layer
interconnect structure 220. Reflecting layer 390 1s formed
over the front side of CMOS 1mage sensor 200.

Atpresent, the price of X-ray imaging devices 1s high (e.g.,
from $1,000 to $12,000). High production costs are, in par-
ticular, connected with expensive operation or scintillator
plate alignment and optical connection. An X-ray imaging
device 1n accordance with the present invention can be made
for amuch lower cost than the present X-ray imaging devices,
due to savings associated with integration.

When using CMOS 1mage sensor 100 or 200 for X-ray

registration, the 1ssue of X-ray degradation must be consid-
ered. The most sensitive parameter associated with X-ray
degradation 1s the dark current. Digital CMOS 1mage sensors
are typically quoted radiation hard to about 100 krad. The
lifetime of the imaging device depends on the X-ray param-
cters, with the lifetime decreasing with the increase of the
quanta energy for the same dose rate. In the range of X-ray
quanta energy (1.e., 10 keV-100 keV) noticeable changes 1n
the dark current occur at approximately 10 krad. The starting
dark current 1s very low and thus the CMOS 1mage sensor 1s
functional significantly above this limit. With typical
absorbed doses of 10 mrad in one dental X-ray imaging
procedure, degradation 1s expected after 1M procedures.
Thus, CMOS degradation 1s not a concern even 1f the same
radiation doses used in conventional silver-halide radiogra-
phy are used 1n connection with the present invention.

In the above-described back side embodiments, the thick-
ness of the scintillator material 180-189 1s the same as 1n most
X-ray digital imaging devices. The thickness of silicon layer
103 (or P-epilayer202)is about 1 to S microns. The expected
visible light intensity loss 1s determined mainly by reflection
at the interface of the scintillating material and the silicon
layer because the ambipolar diffusion length 1n the employed
S11s higher than 1 to 5 microns.

An estimation of the number of optical photons reaching
photodiode 110 will now be provided. Assume that CsI(T1)
plug 180 1s a 6x6x6 micron cube covered by a reflecting metal
on all sides except the 6x6 side facing photodiode 110. Fur-
ther assume that the scintillating material contains approxi-
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mately 0.02 percent T1. The volume of scintillating matenal
in plug 180 is 2x10~"° cm” and the weight of this scintillating
material is about 10~ grams.

The X-ray conversion coefficient k of the scintillating
material 1s about 70,000 visible photons for each 1 MeV of
absorbed energy. The number of optical photons reaching the
photodiode 110 1s defined by the following equation:

N=mKkE,

wherein E 1s the energy absorbed by the scintillating mate-
rial, and m characterizes the optical cavity and 1s approxi-
mately 70% for the considered geometry. For a typical 10
mrad absorption dose, E=100x107* erg/gx10™" gx6.2x10"'"
eV/erg=—600 eV.

As a result, approximately 30 optical photons (1.e., 600
eVx70%x70,000 photons/1 MeVx1 MeV/10° eV=-30 pho-
tons of 1.4 eV) will reach photodiode 110 during a single
exposure. A typical 6x6 micron pixel has noise of less than 0.5
clectrons. A signal-to-noise ratio (SNR) of about 50 1s con-
sidered suitable for dental applications. In case of 6x6 micron
photodiodes, a 2x2 cm matrix will contain approximately 8
Mpixels, which will provide much more resolution than typi-
cally required for dental applications.

Note that the above-described integrated X-ray image sen-
sors do not require a separate scintillator plate. However, 1n
another embodiment of the present invention, a bonding tech-
nique 1s used to attach a separate scintillator plate (formed in
accordance with the present mmvention) to a conventional
CMOS 1mage sensor.

As 1llustrated 1n FIGS. 17-20, a double bonding technique
1s used to locate scintillating material on the back side of
conventional CMOS 1mage sensor 200.

As 1llustrated 1n FIG. 17, a silicon water 300 1s bonded to
the front side of CMOS 1mage sensor 200 using, for example,
an adhesive. The thickness of top silicon water 300 1s 1denti-
cal to the thickness of standard silicon waters used in CIS
manufacturing.

The back side (1.e., P+ substrate 201) 1s then grinded and
polished down to P- epitaxial layer 202, as 1llustrated 1n FIG.

18.

As illustrated 1n FI1G. 19, a via-processed silicon water 401
1s bonded to the polished surface of P- epitaxial layer 202. In
one embodiment, this bonding step 1s implemented using an
adhesive. Prior to bonding, a plurality of via holes, including
via holes 411-491, are formed through water 401. The via
holes are positioned and dimensioned to correspond with the
locations and sizes of the photodiodes in CMOS 1mage sensor
200. The thickness 12 of via-processed water 401 1s selected
to correspond with the desired scintillating material thick-
ness. In one embodiment, via-processed water 401 has a
thickness T2 of approximately 150 microns.

Via-processed waler 401 may be formed by grinding a
s1licon water to the desired thickness (12), performing a via
ctch through the grinded water, and then bonding the result-
ing wafer structure to P- epitaxial layer 202. Alternately,
via-processed water 401 may be formed by performing a via
ctch through the full thickness of a silicon water, bonding the
ctched silicon water to P- epitaxial layer 202, and then grind-
ing the etched silicon water to the desired thickness (12).

The portions of p— epitaxial layer 202 exposed through via
holes 410-419 are treated in a manner similar to that described
above in connection with FIG. 14. After via holes 410-419
have been treated, processing proceeds 1n the same manner
described above 1in connection with FIGS. 5-10, thereby cre-
ating the X-ray image sensor illustrated in FIG. 20. The X-ray
image sensor of FIG. 20 includes retlective layer 460, scin-
tillating plugs 480-489, and reflective layer 490 (which are
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similar to the above-described reflective layer 160, scintillat-
ing plugs 180-189 and reflective layer 190, respectively).

Although the invention has been described 1n connection
with several embodiments, 1t 1s understood that this invention
1s not limited to the embodiments disclosed, but 1s capable of
various modifications, which would be apparent to a person
skilled 1n the art. Thus, the invention 1s limited only by the
following claims.

We claim:

1. An mtegrated X-ray image sensor comprising:

a semiconductor water, wherein one or more pixels of an
image sensor are located on a {first surface of the semi-
conductor water; and

one or more scintillator plugs located 1n one or more cor-
responding openings in a second surface of the semicon-
ductor wafer, wherein the second surface 1s opposite the
first surtace, and wherein each of the one or more scin-
tillator plugs includes scintillating material aligned with
a corresponding one of the one or more pixels.

2. The integrated X-ray 1image sensor of claim 1, further
comprising an optically reflecting material located over the
one or more scintillator plugs at the second surface of the
semiconductor wafer.

3. The mtegrated X-ray image sensor of claim 1, further
comprising one or more alignment marks located on the first
surface of the wafer, wherein the one or more pixels and the
one or more scintillator plugs are aligned using the one or
more alignment marks.

4. The mtegrated X-ray image of claim 1, further compris-
ing a reflecting material located between the one or more
scintillator plugs and the one or more corresponding openings
in the second surface of the semiconductor water.

5. The mtegrated X-ray image sensor of claim 4, wherein
the retlecting material comprises silicon oxide.

6. The mtegrated X-ray image sensor of claim 4, wherein
the reflecting material comprises a metal.

7. The integrated X-ray image sensor of claim 1, wherein
the scintillating material comprises Cesium lodide doped
with thallium (CsI (T1).

8. The mtegrated X-ray image sensor of claim 1, wherein
the scintillating plugs narrow approaching the first surface of
the semiconductor substrate.

9. The mtegrated X-ray image sensor of claim 1, wherein
the one or more scintillating plugs have ends positioned about
1 to 5 microns from the corresponding pixels.

10. The integrated X-ray 1image sensor of claim 1, wherein
the semiconductor substrate has a thickness of about of about
50 to 250 microns.

11. The integrated X-ray 1image sensor of claim 1, wherein
there are a plurality of scintillator plugs separated by a spac-
ing S and having a width W, wherein the width W 1s at least
about 2 times greater than the spacing S.

12. The integrated X-ray image sensor of claim 11, wherein
the width W 1s about 10-150 microns and the spacing S 1s
about 5-15 microns.

13. The integrated X-ray image sensor of claim 1, wherein
cach of the one or more pixels includes a photodetector hav-
ing an area, and each of the one or more scintillator plugs has
a cross sectional area, wherein the area of a photodetector
corresponds to the cross sectional area of a scintillator plug.

14. An integrated X-ray image sensor comprising:

a semiconductor water, wherein one or more pixels of an
image sensor are located on a {first surface of the semi-
conductor water, wherein the semiconductor waler
COMPrises:

a semiconductor substrate:
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a buried msulating layer located over the semiconductor
substrate; and

a silicon 1sland layer located over the buried msulating

layer, wherein the one or more pixels are located 1n the
silicon 1sland layer; and

one or more scintillator plugs located in one or more cor-

responding openings in a second surface of the semicon-
ductor water, wherein the second surface 1s opposite the
first surface, and wherein each of the one or more scin-

tillator plugs includes scintillating material aligned with 1©

a corresponding one of the one or more pixels.

15. The integrated X-ray image sensor of claim 14, wherein
the one or more scintillator plugs are located on the buried
insulating layer.

16. An mtegrated X-ray image sensor comprising:

a semiconductor water, wherein one or more pixels of an
image sensor are located on a {first surface of the semi-
conductor watfer, wherein the semiconductor waler
COmprises:
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a semiconductor substrate having a first conductivity
type and a first dopant concentration;
an epitaxial silicon layer located over the semiconductor
substrate and having the first conductivity type and a
second dopant concentration, different than the first
dopant concentration; and
one or more scintillator plugs located 1n one or more cor-
responding openings in a second surface of the semicon-
ductor water, wherein the second surface 1s opposite the
first surface, and wherein each of the one or more scin-
tillator plugs includes scintillating material aligned with
a corresponding one of the one or more pixels.
17. The integrated X-ray image sensor of claim 16, wherein
the one or more scintillator plugs are located on the epitaxial

15 silicon layer.

18. The integrated X-ray image sensor of claim 16, wherein
the one or more pixels are fabricated 1n the epitaxial silicon
layer.
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